Synthetic molecular machines have received increasing attention because of their great ability to mimic natural biological motors and create novel modes of motion. However, very few examples have been implemented with real autonomous movement inside living cells, due to the challenges of the driving force and highly integrated system design. In this work, we report an elegant, highly integrated DNA nanomachine that can be powered by endogenous ATP molecules and autonomously operated inside living cells without any auxiliary additives. It assembles all components on a single gold nanoparticle (AuNP) including a hairpin-locked swing arm encoding a start triggered by an intracellular target molecule and a two-stranded DNA track responding to the motion of the swing arm. When the intracellular target activates the nanomachine via the unlocking swing arm, the machine autonomously and progressively operates on the established DNA track via intramolecular toehold-mediated strand migration and internal ATP binding. This paper also demonstrates the machine's bioanalytical application for specific microRNA (miRNA) imaging in living cells.
Introduction
A vast range of natural protein motors exist in the biological world, and they participate in signicant biological processes, such as myosin in muscle contraction, 1 kinesin and dynein in cellular cargo transport 2, 3 and DNA polymerase in DNA synthesis. 4 Inspired by these biological motors, researchers have attempted to fabricate various articial molecular machines and motors that can be precisely controlled and exploited on the nanometer scale, simultaneously connecting molecular systems to the macroscopic world. Among them, synthetic DNA-based machines, with a simple DNA structure, high programmability and predictability of Watson-Crick base pairing, good structural robustness and low cost of synthesis, exhibit signicant advantages that enable the fully de novo design of diverse and powerful devices. So far, many DNA machines, such as walkers, [5] [6] [7] [8] [9] [10] [11] [12] rolling motors, 13 tweezers, 14 gears, 15 springs, 16 robots 17-20 and transporters 21 have been created to mimic the movement of protein motors or to have distinct behaviour patterns, and successfully tested in cell-free settings. Fabricating DNA nanodevices that could practically operate inside living cells to execute designated tasks, such as in vivo imaging, biological computing and autonomous theranostic application, has long been a challenging goal. It is noteworthy that most of the reported sophisticated DNA machines are designed with complicated DNA-origami tracks, large-scale nanomaterials or complex motion patterns, which have usually limited their potential applications in living cells.
Another great challenge for cellular DNA nanomachines is the design of a suitable driving force to fuel the autonomous operation in a simple and effective manner. Unlike ATP hydrolysis used in protein motors as an energy source, other means, such as protein enzymes, [10] [11] [12] DNA strands, 22, 23 pH variation, [24] [25] [26] metal ions 27 and light [28] [29] [30] have been explored to power DNA nanomachines, with the result that most of the reported nanomachines need exogenous additives to drive their motion. For example, our group developed an entropy-driven DNA nanomachine by transferring a DNA fuel strand via liposome into living cells to power the machine. 22 Le et al. developed a DNAzyme motor fueled by DNAzyme catalyzed substrate cleavage with the addition of Mn 2+ to cells. 27 These nanomachines have achieved signicant advances towards biological applications in vivo, but the external co-delivery of fuels, addition of related supplementary components or variations in environmental factors complicate the design and handling procedures. In addition, the asynchronous delivery of components into cells may decrease the control of the spatiotemporal distribution of core components of DNA nanomachines and the auxiliary components in living cells. Although pH-driven nanomachines can spontaneously respond to environmental pH variation, their biological application might be limited due to their intrinsic switch mode. Thus, it is desirable to develop more integrated DNA nanomachines with an endogenous driving force to execute diverse biological tasks in vivo.
Herein, we have progressed beyond our previous design 22 to develop an ATP-fueled DNA nanomachine with a simpler yet elegant design. Notably, ATP is the main source of energy for most cellular processes, and is ubiquitous in the cytoplasm and nucleoplasm of every cell. Thus, we employ endogenous ATP as a fuel by coupling an ATP aptamer to drive the autonomous motion of the machine for executing the task of sensing target miRNA in vivo. The proposed machine is highly integrated with only three components, a hairpin-locked swing arm and a twostranded DNA track assembled on a single gold nanoparticle (AuNP). A start switch, using a specic endogenous miRNA as an initiator, is embedded in the hairpin-locked swing arm. The DNA track is integrated with an ATP aptamer for response to endogenous ATP. Aer the intracellular uptake of the DNA nanomachine, the interaction of the miRNA target and hairpinlocked swing arm can specically initiate an autonomous motion of the swing arm along the three-dimensional DNAAuNP track inside living cells with a constant supply of free energy from the binding of ATP and its aptamer (track component), thus providing amplied signal production for sensing target miRNA with low abundance. It should be noted that all nanomachine components assembled together provide enhanced local concentrations due to their close proximity to the DNA pairing reaction and the corresponding rapid reaction rate and efficiency.
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Results and discussion
Principles of the ATP-powered DNA nanomachine
The working principle of the proposed nanomachine is illustrated in Fig. 1 . It contains an AuNP assembled with a high density of two-stranded substrate complexes (S/R) as tracks and a hairpin-locked swing arm (A). The functional sequence of R is designed to include a toehold (domain c) and 27-nt ATP aptamer (divided into domains b, a 0 , and d, and a 5-nt tail) with carboxyuorescein (FAM) at the 3 0 end for the signal output. The sequence S was modied with a thiol at the 5 0 end for direct immobilization onto the AuNP surface. A has an elaborately designed stem-loop hairpin structure, containing a complementary segment (domains c 0 and e, located in the stem and loop, respectively) to a specic target (T), and trapped domains b # and c* in the stem. In addition, A is modied with a thiol at the 3 0 end for tethering to the AuNP. The proposed DNA nanomachine is designed in the initial state as follows. Hundreds of S/R complexes are tethered to AuNPs with FAM uorophores of R quenched by AuNPs. R is rmly bound to S even in the presence of ATP because most of its ATP aptamer sequence is occupied by S. Meanwhile, dozens of A maintain their stable hairpin structure by locking domains b # and c* on their stem. Aer the cellular uptake of the nanomachine, the intracellular target T specically unfolds the hairpin structure of A and turns its end into a free swing arm with exposed domains b # and c*. Subsequently, A performs a domain c*-mediated branch migration reaction that grasps R from S and exposes more ATP aptamer sequence of R. Then, free ATP molecules in living cells spontaneously bind to R via the ATP aptamer, resulting in the release of an ATP/R complex with concurrent uorescence restoration of FAM in R and simultaneous release of the free-swinging A to spread along the DNA-AuNP track. Accordingly, the activated A automatically grasps new R from the S/R track and triggers a continuous uorescence signal output due to the formation of the ATP/R complex. Thus, by measuring the FAM uorescence intensity in living cells, the proposed DNA nanomachine presents a simple and efficient mechanism for the specic detection of intracellular biomolecules of interest.
Optimization of the two-stranded DNA track (S/R)
The key to the motion of our nanomachine is effective grasping of R from the S/R complex by free domains b # and c* of A and subsequent R release by ATP. To realize this, we rst rationally optimized R and S. The sequence information for oligonucleotides used in this work is shown in Table S1 . † Domain c of R was designed as AGCTA based on our previous work, 22 because the 5-nt toehold length of the AuNP-based DNA track was capable of activating toehold-mediated strand displacement. S is expected to tightly bind to R via pairing with the ATP aptamer to prevent ATP binding, and effectively release R when free A grasps R via domain c*-mediated strand displacement. To balance these two processes, we introduced an internal-loop region between the complementary region in S/R using polythymine (polyT) as domain a and the 7 base-pair linkage of domains d* and d, which is not strong enough to hold the linkage when the binding between domains b* and b is destroyed. As shown in Fig. 2a when the length of polyT loop in S1 to S4 increases from 4 to 10 nt, the number of base pairs between domains b* and b decreases from 11 to 5, correspondingly. The melting temperatures (T m ) of the hybrids of S1/R1, S2/R1, S3/R1, and S4/ R1 are predicted to be 58.8 C, 56.1 C, 46.8 C, and 37.3 C, respectively. S4 was rst ruled out due to the intracellular temperature of ca. 37 C. Then we assembled S1/R1, S2/R1 and S3/R1 on AuNPs, respectively, and calculated the number of R1 tethered by different S on every single AuNP based on mercaptoethanol (ME)-induced Au-S bond dissociation (see procedure in the ESI †). Fig. 2b shows that S3 had the least number of R1 strands (ca. 9 strands per AuNP) because the S3/R1 complex with additional 7 base pairs (bp) between domains b* and b is not stable enough to maintain the double-stranded structure. On the contrary, S1 and S2 bonded R1 of ca. 205 strands and ca. 135 strands per AuNP, respectively, and were selected for the following experiments.
Optimization of the hairpin-locked swing arm (A)
The hairpin-locked A has two interrelated functions: a target recognizer for conguration switching and a free swing arm for grasping and releasing R when the hairpin is opened by a specic target. We optimized A with three important domains of b # , b 0 , and e, sequentially. Domain b # is designed to bind to the partial ATP aptamer in R and liberate R when the ATP/R complex is formed. To eliminate interference from the target recognizer, we designed a linear strand (W), which exposed domains b # and c* to R1 directly and to replace A to facilitate the optimization of domain b # . A series of W (W1 to W4) with increased complementary domain b # from 4 to 9 nt were employed to construct W/R-AuNP conjugates (Fig. 2c) . Using the ME-induced Au-S bond dissociation reaction, the number of R1 tethered by different W on a single AuNP was calculated (Fig. 2d ). W1 and W2 were bound to very small amounts of R1, which were consistent with the predictions at low T m (30.1 C for W1/R1 and 37.1 C for W2/R1). The R1 amount of W4/R1-AuNP (ca. 214 strands) was greater than that of W3/R1-AuNP (ca. 99 strands), indicating that W4 had a stronger binding ability to R1 than W3. We further investigated the releasing process of R1 from W3 and W4 by incubating W/R-AuNP conjugates with 10 mM ATP for 1 h. It is observed that 84% of R1/W3 was bound to ATP, which was more than the 63.6% for R1/W4 (Fig. 2e) . These results demonstrated that W3 with 7-nt domain b # exhibited better R1 releasing, while W4 with 9-nt domain b # displayed stronger R1 grasping. Next, we mixed W3
and W4 with S1 and S2, respectively, to assemble on AuNPs and incubated them with excess R1 to fabricate four kinds of nanomachines (S1/R1/W3-AuNP, S1/R1/W4-AuNP, S2/R1/W3-AuNP and S2/R1/W4-AuNP), to nd the best combination of domain b # and domain a for the motion of nanomachines in response to ATP (Fig. 2f) . We monitored the uorescence increases in real-time within 60 min (Fig. S1a †) . It is observed that the nanomachine of S2/R1/W3-AuNP exhibited the fastest uorescence output. To evaluate the performance of these nanomachines more rationally, the rate constant k was calculated based on theoretical analysis. The whole reaction can be regarded as a rst-order reaction when the ATP is present in a large excess (see the ESI †). As expected, by tting the kinetic data to the rst-order rate equation, the whole reaction of these nanomachines perfectly followed the rst-order reaction with high correlation coefficients (Fig. S1b †) . The rate constant k of S2/R1/W3-AuNP (4.2 Â 10 À3 AE 1.7 Â 10 À4 min À1 ) was 3.0 times and 5.8 times greater than that of S2/R1/W4-AuNP (1.4 Â 10 À3 AE 3.6 Â 10 À5 min À1 ) and S1/R1/W3-AuNP (7.2 Â 10 À4 AE 3.5 Â
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À5 min À1 ), respectively (Fig. 1g ). These ndings demonstrate that 7-nt domain b # (W3) and 6-nt domain a (S2) were the best combination.
In design principle, A has to satisfy two requirements: one is high stability via the blocker (domain b 0 ) to prevent self-opening of A in the presence of free R in the fabrication of the nanomachine, and the other is high specicity in recognizing the target via the loop of domain e. As a model, we employed a 22-nt DNA analog (T1) as the target, which has a sequence in common with miR-21, a well-known "oncomir" with overexpression in various cancers. The length of domain b 0 was designed to be 2 nt (A1), 4 nt (A2), 6 nt (A3) and 7 nt (A4), respectively, to sequester b # from binding R in the fabrication of the nanomachine (Fig. S2a †) . The real-time uorescence intensity of these nanomachines was measured (Fig. S2b †) . A highest uorescence intensity and a negligible uorescence leakage of A2 with 4-nt domain b 0 were observed in the presence and absence of T1, respectively. Thus, A2 was selected to optimize domain e. Three kinds of A2 (12-nt domain e), A5 (11-nt domain e), and A6 (9-nt domain e) were tested using two targets (perfectly matched T1 and T2 with a single-base mutation to T1). As shown in Fig. S3 , † A6 shows the best specicity in response to 5 nM T2 and also a good signal output. Using the optimized components of R1, S2 and A6 to fabricate the nanomachine, the motion is illustrated in detail in Fig. S4 . †
Characterization of the nanomachine in vitro
To achieve the best performance in vitro, we optimized the concentrations of ATP and Mg 2+ in the reaction system, and found that 5 mM ATP and 25 mM Mg 2+ provided the highest uorescence ratio (F/F 0 ) ( Fig. S5 and S6 †) . Under the optimized conditions, we further tested the motion of the nanomachine in the unfolding, grasping and releasing processes. As shown in Fig. 3a , the proposed nanomachine (S2/R1/A6-AuNP) operates well in the presence of T1 and ATP with a signicant uores-cence output (red line). Via measuring the uorescence increase every 1 min for the rst 5 min, the initial rate was calculated to be 2.2 Â 10 À10 AE 1.4 Â 10 À11 mol min À1 (Fig. S7 †) . In contrast, no uorescence change in the absence of ATP was observed because the nanomachine cannot operate without ATP as a fuel (blue line). It should be noted that, even if A6 was unfolded by T1 and grasped R1 from S2, the FAM in R1 was still greatly quenched by the AuNP. In the absence of T1, nearly no uorescence change was observed (green line). The stability of the S/R duplex on AuNPs in the presence of ATP and the grasping process of the proposed nanomachine were also conrmed by non-denaturing polyacrylamide gel electrophoresis (PAGE) analysis (Fig. S8 †) . In addition, the nanomachine assembled with R2, which contains two mismatched bases on domain c, shows a slight uorescence increase because the failure to grasp R2 hindered the autonomous motion of the swing arm (purple line). Next, we investigated the sensitivity and selectivity of the proposed nanomachine. As shown in Fig. 3b , the uorescence intensity gradually increased with an increase in the concentration of T1 from 100 pM to 5 nM. We obtained the calibration curves based on the uorescence intensity versus T1 concentration. In the linear region from 100 pM to 2 nM, the regression equation is F ¼ 3537. 6 [T] + 1056, with a correlation coefficient R 2 of 0.9875 (Fig. S9 †) . To test the specicity of the proposed machine, we prepared ve variants of single-base mismatches (T2-T4), a two-base mismatch (T5) and a DNA analogue (T6) of miR-141. It is observed that our nanomachine was able to differentiate the perfectly matched T1 from the single-base mismatch variants (Fig. 3c and S10 †) . This, again, further supports that 9-nt domain e in the loop of A6 allows good sequence specicity. In addition, the stability of our nanomachine was investigated by incubation with DNase I and HeLa cell lysis for 6 h, respectively. As expected, no signicant uo-rescence increase was observed compared to the background (Fig. S11 †) , indicating that DNA components assembled on AuNPs are highly resistant to enzymatic degradation due to the protection of AuNPs.
Specic microRNA imaging in living cells
Prior to intracellular experiments, the cytotoxicity of the proposed nanomachine was investigated by CCK-8 assay. Aer 2 h incubation, the viability of the cells was maintained at 95.9 AE 1.9% (Fig. S12 †) , conrming the good biocompatibility of AuNPs. Then we selected three types of cell lines, human cervical cancer cells (HeLa), human embryonic kidney cells (HEK-293T), and human embryonic lung broblast cells (MRC-5), which had different miR-21 expression proles, to test the miRNA imaging capability of our developed nanomachine. As shown in Fig. S13 , † the concentrations of ATP in these tested cells were calculated to be 4.2 mM in HeLa, 2.5 mM in HEK-293T, and 3.1 mM in MRC-5.
For an approximate cell diameter of 13.9 mm, 31 these concentrations were ample to power our nanomachine. Aer incubation of our proposed nanomachine with the tested cells for 2 h, the brightest uorescence signal was observed in HeLa cells and was far greater than those in HEK-293T cells and MRC-5 cells (Fig. 4a) . Fig. 4b shows that the quantized mean FAM intensity of HeLa cells was 5.3 times and 4.1 times greater than that of HEK-293T and MRC-5 cells, respectively. These observations were further conrmed by the data of qRT-PCR experiments (Fig. 4c) . We noted that our nanomachines could distinguish the different miR-21 expression proles of HEK-293T and MRC-5, and sensitively detect miR-21 with low expression in HEK-293T, demonstrating the good applicability and accuracy of our nanomachine for miRNA imaging.
Investigation of specicity in living cells
To demonstrate that the operation of our nanomachine was specically activated by the target miR-21, we fabricated a series of nanomachines assembled with A6, A7 and A8 with one-and two-mismatched bases on the recognition sequence of miR-21, respectively, and A9 with 9-nt polyT replacing domain e as control, and incubated these nanomachines with HeLa cells for 2 h. Only the nanomachine fabricated with A6 produced a signicant uorescence signal while A7 and A8 yielded negligible uorescence, and nearly no uorescence was observed in S2/R1/A9-AuNP (Fig. 5a and b) . These results were consistent with the real-time monitoring in vitro (Fig. 5c) , conrming the high specicity and stability of our nanomachine when applied to living cells.
Real-time monitoring of the transfection and operation of the nanomachine in HeLa cells
Our proposed nanomachine is designed with all reaction components assembled on the same AuNP, which means that the activation and autonomous operation of our nanomachine almost simultaneously follow its cellular uptake via the incubation procedure as long as a certain amount of the target miRNA is present in cells. To investigate the operation time of our developed nanomachine in living cells, we incubated HeLa cells with the 0.2 nM nanomachine and tracked the operation of the nanomachine in HeLa cells at different incubation time points. As shown in Fig. 6 , a weak uorescence was observed in the HeLa cells aer 20 min, indicating that the nanomachine was successfully internalized into HeLa cells and activated by miR-21. The brightest uorescence signal was achieved in about 80 min and no remarkable uorescence increase was observed in 120 min, suggesting that the operation of the nanomachine proceeded to equilibrium with its intensity plateau in response to a certain amount of miR-21. Therefore, the total working time of our nanomachine in vivo including the transfection and operation time was about 80 min. In terms of the reaction time in vivo, our proposed nanomachine outperforms many machines reported previously (Table S2 †) . We attributed this to the enhanced local concentrations of all components assembled on a single AuNP, which is favourable for the rapid intramolecular reaction.
Conclusions
In summary, we have developed a highly integrated DNA nanomachine powered by endogenous ATP to execute repetitive cycles of motion, and applied it for specic miRNA imaging inside living cells. Unlike other reported cellular DNA nanomachines with scattered multi-components and external fuel supply, we integrated a hairpin-trapped arm embedded with target recognition and a two-component track assembled with an ATP aptamer on a single AuNP, and extracted energy from the conformational transition of one track component upon binding ATP to drive the autonomous movement of the activated swing arm in vivo. All reaction components assembled on a single AuNP together not only favour the efficient cellular uptake of the entire system, but also exhibit a high degree control of the intramolecular reaction between the interacting components of the nanomachine, thus enhancing the speed of motion. This is of great importance for the autonomous movement of the machine in a complex cellular environment because the unpredictable distribution of exogenously delivered essential components would greatly impede the facile access to the interacting components of the machine, resulting in low productivity. Our developed DNA nanomachine represents a beautiful example of an elegant design of components, high integration mode, and the use of intracellular biomolecules as a driving force. We believe this work will lead to the development of other novel DNA nanomachines to execute diverse tasks inside living cells by customizing specic DNA components in response to intracellular stimuli.
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